Objectives: To examine the relationship between blood lead and blood pressure (BP) and to estimate the possible effects of a decrease in blood lead on BP. Methods: A 2-ml blood sample was collected from a sub-sample of those included in the Health Survey for England 1995, a cross-sectional survey of a nationally representative sample of the adult English population. Blood lead concentration was measured by atomic absorption spectrometry and three BP readings were taken under standardised conditions using the Dinamap 8100 monitor. Analyses were carried out using data on 2563 men and 2763 women aged 16 and over. Results: In stepwise multiple regression analyses adjusting for various confounders-age, body mass index, smoking status, social class, region of residence
Introduction
A link between high-level lead exposure and adverse cardiovascular and renal outcomes was recognised in the 19th century. 1 More recently the possibility that chronic low-level lead exposure may induce small but potentially important increases in blood pressure (BP) has been the subject of much investigation, prompted by the decreasing environmental lead levels observed in the developed world. 2 In 1988 a consensus meeting 3 concluded that the weight of evidence established an association between lead exposure, usually measured as blood lead concentration, and increased BP, a view which was supported by a more recent National Academy of Sciences panel in the USA. 4 A comprehensive review of relevant studies published between 1980 and 1992 5 and a subsequent meta-analysis by Schwartz of studies conducted in men 6 also concluded that although the data were not definitive, the association was likely to be causal. However the author of one meta-analysis published in 1994 which reviewed 23 studies, 7 many of them included in Schwartz's meta-analysis, 6 felt that the data did and alcohol intake-blood lead was found to be significantly and positively associated with diastolic BP, and not systolic BP in men, but not in women. These findings were unaffected by the inclusion or exclusion of those on antihypertensive medication, by whether mean or median BP was used in the regression, or by the adjustment for alcohol consumption. A halving of currently prevalent blood lead levels is estimated to be associated with a decrease of between 0.8 to 1.1 mm Hg diastolic BP in men. Conclusion: These findings in the context of other published data are consistent with a small pressor effect of environmental lead levels on BP. They support recommendations for further efforts to reduce lead in the environment.
not support the hypothesis of causation. Similarly, studies carried out on subgroups of the British population led to contradictory results.
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The Health Survey for England (HSE), an annual nationwide survey that monitors various aspects of the nation's health, constituted a good opportunity to update information on lead levels in the general population and explore the possible links between blood lead and BP. This was achieved using a subsample of the HSE 1995.
Subjects and methods

The Health Survey for England 1995
A detailed description of the HSE 1995 can be found elsewhere. 12 In brief, the HSE 1995 is the fifth annual nationwide survey commissioned by the Department of Health, including data on various aspects of the nation's health in a representative sample of the English population drawn from those living in private households. A multi-stage stratified probability sampling design was adopted and the sample designed so that the fieldwork conducted in each quarter of the year was carried out with a fully representative sub-set of the whole.
Data were collected by an interviewer who administered a questionnaire and measured height and weight, and subsequently by a nurse who measured BP, recorded current use of prescribed medicines and took a blood sample from consenting respon-124 dents. BP was measured using an automated device, the Dinamap 8100 monitor. 13 Three BP readings were taken under standardised conditions on the right arm with the informant in a seated position after 5 min of rest. The data used in this study are based on the mean of the second and third measurements made on respondents who had three recordings completed.
Blood lead levels were measured on a sub-sample of respondents, participating during April-June and September-December 1995; blood samples from a total of 6517 adults aged 16 and over (3119 men, 3398 women) were analysed.
A 2 ml blood sample was collected into an EDTA (ethylene diamine tetra-acetic acid) tube and lead concentration was measured by atomic absorption spectrometry using micro-sampling flame atomisation.
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Statistics
The relationship of systolic BP (SBP) and diastolic BP (DBP) with blood lead was initially determined using Pearson correlation coefficients. This was followed by multiple linear regression analyses which included various factors that have been shown to be associated with BP in the HSE: 15, 16 age, body mass index (BMI) defined as weight (kg)/height 2 (m 2 ), smoking status (non-current/current smoker), region of residence (North/Midlands/South), social class based on the occupation of the household head (manual/non-manual), and alcohol consumption (non/ex/occasional/moderate/heavy drinker). Occasional, moderate and heavy drinking were defined as Ͻ1 unit/week, 1-21 units/week (men) or 1-14 units/week (women), and Ͼ21 (men) or Ͼ14 (women) respectively. Valid data for all the above variables were available on 2563 men and 2763 women. SBP, blood lead and BMI were log-transformed and described by the geometric mean.
Separate regression analyses were carried out with and without adjustment for alcohol intake, and including and excluding those on antihypertensive medication (314 men and 369 women). In the analyses which included those on antihypertensive medication, two types of regression-'ordinary' (using mean BP) and 'median' (using median BP)-were conducted. The latter approach finds a line through the data that minimise the sum of the residuals rather than the sum of the squares of the residuals as in ordinary regression. 17 In the median regression analyses, it was assumed that those on medication had underlying BP in the upper half of the distribution and were assigned BP values above the median.
Regression models were fitted separately for SBP, DBP and pulse pressure (SBP-DBP), and for men and women in a stepwise process.
Results
Selected characteristics of the men and women in the study are shown in Table 1 . The regional distribution in our sample approaches the mid-1995 population estimates, although the proportion residing in the South is slightly higher by around 1-2%. The sample which did not include those on antihypertensive medication had slightly lower mean age (45.0 for men and 44.8 for women), geometric mean SBP (136.6 and 130.4, respectively), and mean DBP (77.0 and 72.2, respectively), but had the same geometric mean blood lead and was largely similar in other characteristics to the whole sample (data not shown). Unadjusted mean SBP and DBP generally increased with increasing blood lead group in both sexes ( Figure 1 ). Both BPs were significantly associated with blood lead (P Ͻ 0.001), with simple correlation coefficients being 0.11 in men and 0.19 in women for SBP, and 0.15 and 0.14 for men and women, respectively, for DBP.
The associations between several variables and SBP or DBP stratified by sex in ordinary multiple regression analyses are presented in Tables 2-5 . In all the analyses, blood lead was found to be significantly and positively associated with DBP, but not SBP, in men. A significant association with DBP was only found in women when there was no adjustment for alcohol intake and when those on antihypertensive medication were included (Table 4) . Among all the variables entered in the regression, age and, to a lesser extent, BMI were consistently the most important determinants of BP as shown by the relative magnitude of their standardised coefficients.
A halving of blood lead in men (from any level) was associated with an estimated decrease in mean DBP of between 0.78 and 1.07 mm Hg: 0.78 (95% The results for the median regression analyses were largely similar to those of the above regression (data not shown). Blood lead was not significant in any of the models for DBP in women nor in any of the models for SBP in either sex. Reducing blood lead by half in men was associated with an estimated decrease in median DBP of 1 mm Hg, irrespective of adjustment for alcohol consumption.
Blood lead was significantly associated with pulse pressure in women (P Ͻ 0.001) but not in men. However this association did not reach statistical significance after adjusting for various confounders. 
Discussion
Overall, evidence in this study suggests a small but statistically significant association between blood lead and DBP in men. This concurs with the conclusion drawn in a recent comprehensive review. 5 This study is the first to use a nationally representative sample of the English population whereas previous studies in the UK have investigated age-sexrestricted 9,10 or occupational 11 subgroups of the population, and the results of these studies were inconsistent and conflicting.
By fitting several analytical models this study has attempted to address two hitherto controversial issues, adjustment for alcohol consumption, 5, 18 and the inclusion and/or adjustment for the use of antihypertensive medication. The assumption behind the use of regression analysis to adjust for the effects of certain variables is that they confound the association under investigation. The role of alcohol in the blood lead/BP association is not clear-cut since the mechanisms whereby alcoholic beverages, particularly wine which contain significant amounts of lead, 19 elevate BP have not been definitely identified and may or may not involve lead. Furthermore, alcohol can influence lead absorption, its metabolism in the liver, and its secretion via the kidney. 5 The handling of respondents on antihypertensive medication has varied in previous studies. Some studies have excluded those on treatment 20 thus reducing the power of the regression analysis and possibly excluding those most susceptible to any lead-induced increase in BP. However most studies have included those on treatment, thereby introducing potential bias because the BP recorded for those on treatment is lower than their 'true' pressure were they not on medication. One approach to this problem which has been used in other BP studies 21, 22 is to use the median BP and assume that the underlying BP of those on medication was above the median. Interpretation is further complicated because some antihypertensive agents can affect blood lead levels 23 although the size of this effect is not known.
In this study all three approaches (using mean BP and including or excluding those on medication and, using median BP whilst including those on medication) were carried out and little difference in the results was found, perhaps because only 12% of men and 13% of women were on antihypertensive medication.
The finding of a significant association with DBP, and not SBP, is consistent with other cross-sectional studies in Austria 24 and Denmark. 25 Other studies based on large surveys in the USA 26 and UK 27 found significant associations with both measures of BP, while some smaller studies from Wales 28 and Denmark 29 found no significant association with either DBP or SBP.
The finding in this report of a significant association in men, and not in women, concurs with studies based on NHANES II 26 and in the Cadmibel study. 30 To our knowledge, no cross-sectional studies have shown significant associations in women only, and in Staessen et al's meta-analysis 7 mentioned previously (the other meta-analysis, by Schwartz, 6 did not include women) a weak positive association in both SBP and DBP was apparent in both sexes. These inconsistencies in findings are what might be expected if the magnitude of the BP elevation due to lead is small.
A disadvantage of this study is that it is cross-sectional and therefore the temporal sequence of the observed association cannot be established. However controlled studies of animal models including various rat strains, pigeons and dogs show that the ingestion of low to moderate lead doses in the diet are associated with BP elevation. [31] [32] [33] Similarly, four longitudinal studies, 29, [34] [35] [36] all of which showed a small if inconsistent positive association, support the likelihood that higher lead levels induce increased BP and not vice-versa. This evidence from animal experimental data and longitudinal studies add consistency and coherence to the data observed in the present study and hence tend to support a causal basis for the relationship.
The use of the Dinamap 8100 for BP measurement has received some criticism. 37 However, whilst several comparative studies have shown differences in BP measured by the Dinamap 8100 and mercury sphygmomanometers, the direction and magnitude of these differences are inconsistent, and in the setting of a large multicentre survey in which BPs are measured in the home, the Dinamap 8100 is considered to be suitable and sufficiently accurate. 13 Furthermore, any non-systematic error due to the use of this machine would only be expected to dilute any association between blood lead levels and BP.
Based on the HSE data, the estimated decrease in SBP due to halving blood lead in men ranged from 0.8 to 1.1 mm Hg. This reduction is small, but changes in BP of this magnitude at the population level are likely to be associated with important benefits in terms of reduced cardiovascular morbidity and mortality.
Between 1984 and 1995 there has been a three to five-fold reduction in blood lead. 38 A major contributor to this reduction has been the reduced emission of lead from petrol, sales of unleaded petrol having increased from 0.1% of total sales in 1986 to 64.5% of the total in 1995. Further reductions of lead in the environment by increased use of leadfree petrol could feasibly reduce blood lead levels by 50%.
The other major environmental lead source is drinking water. A recent report by the House of Lords Select Committee on the European Communities (1996) concluded that lead in drinking water posed serious health risks, particularly to children, infants and foetuses, and that the elimination of lead from drinking water should be an ideal policy objective. 39 In summary, the HSE data in the context of other available information suggest that, given that lead has no known health benefit, is toxic in large amounts and, in lower doses, may have an adverse health impact on a major cardiovascular risk factor, further efforts to reduce environmental lead levels should be encouraged.
